Change in the Nuclear Moment of Inertia at the Number of Neutrons N = 98
  and Isotopic Shift of Atomic Levels by Kamchatnov, A. M. & Nosov, V. G.
ar
X
iv
:n
uc
l-t
h/
04
09
07
0v
1 
 2
9 
Se
p 
20
04
Change in the Nuclear Moment of Inertia at the Number
of Neutrons N = 98 and Isotopic Shift of Atomic Levels ∗
A.M. Kamchatnov†and V.G. Nosov‡
†
Institute of Spectroscopy, Russian Academy of Sciences, Troitsk, Moscow Region, 142190 Russia
‡
Russian Research Center Kurchatov Institute, pl. Kurchatova 1, Moscow, 123182 Russia
November 14, 2018
Abstract
From analysis of experimental data on nuclear rotation, it is found that the so-
called rigid-body value of the nuclear moment of inertia and the nuclear-radius values
associated with the moment of inertia as functions of the number of nucleons change
their behavior at the number of neutrons N = 98. This phenomenon is confirmed by
experimental data on the isotopic shifts of atomic levels.
It is well known that the nuclear radius R as a function of the number A of nucleons is
described by the simple relation
R = r0A
1/3, (1)
which has a clear geometric interpretation: the nuclear volume is proportional to the number
of nucleons. For the majority of nuclei the constant r0 takes the value of
r0 = 1.1 · 10
−13cm, (2)
but it can slightly depend on the method of its experimental determination. In particular, it
is the value in (2) that is obtained from analysis of experimental data on electron scattering
on nuclei and from isotopic shifts of atomic levels [1].
It is, however, difficult to verify relation (1) by analyzing the dynamical properties of
nuclei, although some relevant features of the nucleus—for example, the nuclear moment of
inertia—obviously depend on the nuclear radius. Shortly after the discovery of rotational
bands in nuclei, it was found that the effective moment of inertia J which can be determined
from the relation
~
2
J (I)
=
d2E(I)
dI2
, (3)
where E(I) is the energy of the rotational level with angular momentum I, differs consider-
ably from the rigid-body value
J0 =
2
5
MR2, (4)
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where M is the nuclear mass, while R is the nuclear radius (2). For example, at the head
of a rotational band, the effective moment of inertia (3) is usually two or three times as
small as the corresponding rigid-body value [2]. It was found in [3] that, with increasing
angular momentum I, the moment of inertia J also increases and may become several times
as great as the value in (4) near the backbending point. This result was confirmed later
by numerous experimental and theoretical studies (for an overview, see [4-6]). By analyzing
available experimental data, we found [7,8] that the aforementioned quantities obey simple
semi-empirical relations involving the rigid-body value of the moment of inertia. This makes
it possible to verify relation (1) in dynamical phenomena.
In the simplest way, the aforementioned relations are expressed in terms of the behavior
of the nuclear angular velocity
~Ω =
dE(I)
dI
(5)
as a function of the angular momentum I with respect to the so-called rigid-body line
~Ω =
~
2
J0
I. (6)
Namely, experimental data demonstrate that the backbending on the curve representing the
dependence of the angular velocity Ω on the angular momentum I is always accompanied
by the intersection of the rigid-body line in a downward direction. Therefore, above the
backbending point Ic, the angular velocity lies below the corresponding rigid-body values
(6). At the backbending point Ic, the moment of inertia (3) often exhibits a singular behavior
represented by the function
J ≃
j
I − Ic
, I → Ic + 0. (7)
Above the backbending point, the angular velocity takes the rigid-body value
~Ωnc =
~
2
J0
Ic. (8)
As I increases further moving away from Ic, we come to the asymptotic region where the
moment of inertia is close to the rigid-body value
J ≃ J0, I − Ic ≫ j, (9)
and the angular velocity approaches the rigid-body line from below. Such asymptotic behav-
ior is violated by so-called repeated backbendings. Equations (8) and (9) make it possible to
calculate the rigid-body value of the moment of inertia from experimental data to a rather
high accuracy and to determine thereby the nuclear radius R from the dynamical properties
of nuclear rotation. In this way, the value of r0 in (2) was confirmed once again for the
majority of nuclei.
Nevertheless, it was demonstrated in [9] that the rigid-body value of the moment of
inertia decreases sharply at the point where the number of neutrons is N = 98. As a result,
the parameter r0 takes the value
r0 = 1.0 · 10
−13cm. (10)
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for nuclei in which the number of neutrons varies from N = 98 to the magic number N = 126,
which corresponds to the transition to spherical nuclei. Experimental data obtained later
confirm this conclusion. Figure 1 shows the nuclear angular velocity as a function of the
angular momentum for the yrast lines of the tungsten isotopes (a) 166
74
W92 [10], (b)
168
74
W94
[11], (c) 170
74
W96 [12], (d)
172
74
W98 [13], (e)
174
74
W100 [14], and (f)
179
74
W105 [15]. It can easily be
seen that the character of experimental data changes for the isotopes in which the number
of neutrons is greater than N = 98. At the backbending point, the curve representing ~Ω
does not intersect the rigid-body line (6) for the moment of inertia corresponding to the
value in (2). However, the aforementioned regularities are fulfilled for N ≥ 98 as well if
the rigid-body lines correspond to the radius value in (10). Similar changes in the moment
of inertia at N = 98 occur for the rotational bands of Hf and Os isotopes. We note that
this phenomenon is observed not only for yrast-lines but also for rotational bands built on
excited nuclear states. This confirms our assumption [7–9] that the first backbending points
are of a universal nature that is independent of the properties of the rotational band under
consideration.
This brings about the natural question of whether it is possible to verify the aforemen-
tioned changes in the nuclear radius at N = 98 by some other, independent, methods. The
nuclear shape directly affects isotopic shifts of atomic levels. Unfortunately, the isotopic
shifts in W, Hf, and Os isotopes have not yet been measured to a sufficient accuracy because
of experimental difficulties. However, there are comprehensive data on the isotopic shifts in
Yb isotopes [16]. Figure 2 shows the mean-square nuclear radius as a function of the number
N of neutrons. This curve has break at N = 98, and the radius increases with N more slowly
for N ≥ 98 than for N ≤ 98. This corresponds to a decrease in r0 for N ≥ 98. Of course, the
correlation between the two phenomena may be only qualitative because the isotopic shifts
depend on the distribution of the electric charge within a nucleus, whereas the moments of
inertia are determined by the mass distribution (these two distributions obviously do not
coincide). Nonetheless, the above data indicate that the phenomena being discussed are
correlated.
Acknowledgements
We are grateful to A.V. Zybin and A.V. Mishin for stimulating discussions of experimental
data on isotopic shifts of atomic levels.
References
[1] Bohr, A. and Mottelson, B., Nuclear Structure, vol. 1: Single-Particle Motion, New
York: Benjamin, 1969.
[2] Bohr, A. and Mottelson, B., Nuclear Structure, vol. 2: Nuclear Deformations, New
York: Benjamin, 1975.
[3] Johnson, A., Ryde, H., and Starkier, J., Phys. Lett. B, 1971. vol. 34, p. 605.
[4] Stephens, F.S., Rev. Mod. Phys., 1975. vol. 47, p. 43.
3
[5] Lieder, R.M. and Ryde, H., Adv. Nucl. Phys., 1978, vol. 10, p. 1.
[6] de Voight, M.J.A., Dudek, J., and Szymanski, Z., Rev. Mod. Phys, 1983, vol. 55, p.
949.
[7] Nosov, V.G. and Kamchatnov, A.M., Zh. Eksp. Teor. Fiz., 1977, vol. 72, p. 785 [Sov.
Phys. JETP 46, 411 (1977)]; eprint nucl-th/0403083.
[8] Nosov, V.G. and Kamchatnov, A.M., Zh. Eksp. Tear Fiz., 1979, vol. 76. p. 1505 [Sov.
Phys. JETP 49, 765 (1979)]; eprint nucl-th/0405001.
[9] Nosov, V.G. and Kamchatnov, A.M., Zh. Eksp. Teor. Fiz., 1981, vol. 80, p. 433 [Sov.
Phys. JETP 53, No. 2, 221–227 (1981)]; eprint nucl-th/0408029.
[10] Gerl, J., Dracoulis, C.D., Byrne, A.P., Poletti, A.R., Poletti, S,J., and Stuchbery, A.E.,
Nucl. Phys. A, 1985, vol. 443. p. 388.
[11] Dracoulis, G.D., Sprouse, G.D., Kistner, C., and Rafailovich, M.N., Phys. Rev. C: Nucl.
Phys., 1984, vol. 29. p. 1576.
[12] Sayer, R.O., Smith, J.C., and Milner, W.T., At. Data Nucl. Data Tables, 1975, vol. 15,
p. 85.
[13] Rao, M.N., Johnson, N.R., and McGowan, F.K., Phys. Rev. Lett., 1986, vol. 57. p. 667.
[14] Garson, J., Taras, P., van Esbroek, P., Andrews, H.R., Radford, D.C., Ward, D., and
Christy, A., Nucl. Phys. A. 1987, vol. 472, p. 558.
[15] Walker, P.M., Dracoulis, G.D., Byrne, A.P., Fabricius, B., Kibedi, T., and Stuchbery,
A.E., Phys. Rev. Lett., 1991. vol. 67, p. 433.
[16] Otten, E.W., Nuclear Radii and Moments of Unstable Isotopes, Treatise on Heavy-Ion
Physics, vol. 8: Nuclei Far from Stability, Bromley, D.A., Ed., New York: Plenum, 1990.
Figures captions
Fig. 1. Angular velocities for the yrast lines of W isotopes as functions of the orbital
angular momentum I. The corresponding r0 values are indicated on the rigid-body lines.
Fig. 2. Deviation of the mean-square nuclear radius of Yb isotopes from the value for the
nucleus with N = 98 versus the number of neutrons according to measured isotopic shifts of
atomic levels.
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